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Edited by Ned ManteiAbstract The regions of expression of Ripply1 and Ripply2,
presumptive transcriptional corepressors, overlap at the preso-
mitic mesoderm during somitogenesis in mouse and zebraﬁsh.
Ripply1 is required for somite segmentation in zebraﬁsh, but
the developmental role of Ripply2 remains unclear in both spe-
cies. Here, we generated Ripply2 knock-out mice to investigate
the role of Ripply2. Defects in segmentation of the axial skeleton
were observed in the homozygous mutant mice. Moreover, so-
mite segmentation and expression of Notch2 and Uncx4.1 were
disrupted. These ﬁndings indicate that Ripply2 is involved in so-
mite segmentation and establishment of rostrocaudal polarity.
 2007 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Mouse1. Introduction
During vertebrate embryogenesis, the segmental pattern in
the trunk and tail is established through somitogenesis. Pairs
of somites bud oﬀ sequentially from the anterior end of the
undiﬀerentiated presomitic mesoderm (PSM) along the antero-
posterior body axis. The segmentation of somites results in the
segmental pattern of the vertebrae, ribs, vascular system and
peripheral nervous system [1].
Prior to morphological formation of a somite boundary, a
series of processes including prepatterning of the prospective
somite boundary and establishment of rostrocaudal polarity*Corresponding author. Address: Department of Life Sciences (Biol-
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doi:10.1016/j.febslet.2007.05.017within the prospective somite occurs in the PSM [2]. Mesp2
is a gene coding for a basic helix-loop-helix (bHLH) transcrip-
tion factor, for which the mRNA is localized to the anterior
PSM. Mesp2 in the rostral part of a prospective somite sup-
presses Dll1-mediated Notch signaling and deﬁnes the rostro-
caudal polarity within a somite [3]. In addition, Mesp2 deﬁnes
the segmental border by suppressing Notch signaling, via the
activation of L-fng and suppression of Dll1 [3–5].
Ripply1 (zebraﬁsh), Ledgerline (Xenopus laevis), and Bowline
(X. laevis) are members of a novel group of proteins recently
shown to be involved in somitogenesis [6–8]. Somite formation
is disturbed in embryos lacking Ripply1 or Ledgerline [6,7]. The
amino acid sequences of this protein family share two con-
served motifs: (1) a tetrapeptide WRPWmotif, previously iden-
tiﬁed in hairy family transcription factors, that is required for
interaction with the transcriptional corepressor Groucho, and
(2) a novel motif, the Ripply homology domain/Bowline-
DSCR-Ledgerline conserved region, that resides in the
carboxyl terminus [6–8]. The WRPW motif in Ripply1 and
Bowline is necessary not only for their interaction with Grou-
cho, but also for their action in repressing the expression of
mesp-b and X-Delta-2, respectively [6,8]. However, the role of
Ripply2 remains unclear in mouse somitogenesis. It is therefore
important to determine whether Ripply2 has a role in somito-
genesis, along with the other members of this novel protein
family [6]. In this study we generated Ripply2-deﬁcient mice
and carried out functional analyses of Ripply2. We examined
the phenotype of the Ripply2-deﬁcient mice and the expression
patterns ofMesp2, Notch2 and Uncx4.1. Our data indicate that
Ripply2 is required for somite segmentation and for establish-
ment of rostrocaudal polarity of somites in the mouse embryo.2. Materials and methods
2.1. Construction of targeting vector and generation of Ripply2 mutant
mice
The Ripply2 mutant mice (RIKEN Accession Number. CDB0455K)
were generated as described [9,10]. Ripply2 genomic clones were
isolated from C57BL/6 genomic phage libraries or BAC libraries. Weblished by Elsevier B.V. All rights reserved.
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Ripply2 locus, so that the Ripply2 gene was replaced with LacZ at the
ﬁrst ATG. The correct establishment of Ripply2 targeted embryonic
stem cell lines was conﬁrmed by Southern blot analysis.
2.2. Polymerase chain reaction genotyping
Genomic DNA was isolated from embryonic yolk sac. Genotyping
of embryos was performed by polymerase chain reaction (PCR), as de-
scribed [10]. PCR genotyping was performed with the following prim-
ers: primer-1, 5 0-GCCCAGTGCTTAACAGTGTGC-30; primer-2,
5 0-ACCCGTGATATTGCTGAAGAGCTTGG-3 0; primer-3, 5 0-GA-
GTGAGTAACGGCGCCAGCTATTAAACC-3 0.
2.3. Staining of whole skeletons
Mice at embryonic day 18 (E18) were eviscerated and ﬁxed for 24 h
in 100% ethanol. Diﬀerential staining with alcian blue and alizarin red
was performed to distinguish mineralized from non-mineralized tissue.
Skeletons were stained for 24 h in 0.015% alcian blue in acid ethanol,
cleared in 2% KOH, stained for 12 h in 0.005% alizarin red in 2%
KOH, and cleared in a graded series of KOH in glycerol.
2.4. Histology
For histological analyses, embryos were ﬁxed with 4% paraformal-
dehyde in 0.1 M phosphate buﬀer at 4 C for 24 h, and then deminer-
alized with 10% ethylenediamine tetraacetic acid at 4 C for 7 days.
After embedding in paraﬃn, sagittal sections were cut at a thickness
of 4 lm and stained with hematoxylin and eosin.Fig. 1. Expression proﬁles of Ripply2 and Mesp2 in wild-type mice. (A and
expression shown for Ripply2 (C and E) and Mesp2 (D and F) at E11.5. The
D) or sagittal sections (E and F). Arrowheads indicate the expression region2.5. Whole-mount in situ hybridization
Embryos were ﬁxed with 4% paraformaldehyde in Mg2+/Ca2+-free
phosphate-buﬀered saline for 12 h at 4 C. Whole-mount in situ
hybridization was performed as described [11]. To generate template
for Ripply2 probe, Ripply2 gene fragments were PCR ampliﬁed using
primers as follows: 5 0-primer, 5 0-ATACCACCGAGAGCGCCGAG-
3 0; and 3 0-primer, 5 0-CACTATCAGAATCTTCATAAAACGAA-
ATTG-3 0. The ampliﬁed fragments were inserted into pGEM-T vector.
Digoxigenin-labeled antisense RNA probes for Mesp2, Notch2,
Uncx4.1, and Ripply2 [12] were generated by in vitro transcription
(Roche). Probes were detected using alkaline phosphatase-conjugated
anti-digoxigenin Fab fragments (Roche) and BM Purple AP substrate
(Roche).3. Results and discussion
3.1. Endogenous expression of Ripply2
Endogenous expression of Ripply2 was ﬁrst determined by
whole-mount in situ hybridization. Ripply2 expression was
localized to the PSM in wild-type mice at E9.0 and E11.5,
when somites were being formed (Fig. 1A and B). Strong
expression of Ripply2 was observed in the rostral half of S-I
(Fig. 1C and E). The region of expression of Ripply2 over-
lapped with that of Mesp2 (Fig. 1D and F).B) Ripply2 expression at E9.0 (A) and E11.5 (B). (C–F) Regions of
specimens, oriented with anterior to the left, are whole-mounts (C and
s of Ripply2 or Mesp2.
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To determine the essential requirement for Ripply2 in mur-
ine development, we generated Ripply2 mutant mice. A mouse
targeting vector was constructed, and the Ripply2 mutant mice
were generated with mouse TT2 embryonic stem cells as de-
scribed [9,10] (Supplemental Fig. 1A). Homologous integra-
tion was checked by genomic Southern blotting analyses
using two distinct probes, and the clones 39 and 89 were usedFig. 2. External phenotypes of wild-type (A), Ripply2+/ (B) and Ripply2
Arrowheads indicate the tip of tail. The caudal portion of the Ripply2/ m
Fig. 3. Skeletal defects in the Ripply2/ mice. Fetuses of wild-type (A–C),
stained for bone (red) and cartilage (blue). The Ripply2/ fetus exhibits proxi
of the Ripply2/ fetus were broken by manipulation while making the ske
Lateral view of neural arches and vertebral bodies. (C–C00) Ventral view of rto generate Ripply2+/ chimeric mice (Supplemental Fig. 1B
and C). The Ripply2/ genotype was detected by PCR analy-
sis of yolk sacs dissected from F2 embryos (Supplemental
Fig. 1D).
3.3. The apparent phenotype of Ripply2/ mice
The Ripply2+/ mice were viable and fertile. They appeared
normal at E18 (Fig. 2B). In contrast, all Ripply2/ mice died/ (C) mice. Yellow dotted lines indicate the length of the trunk.
ice was severely shortened (yellow allow).
Ripply2+/ (A 0–C 0), and Ripply2/ littermates (A00–C00) at E18 were
mal rib fusion and abnormal backbone formation. Note that the ﬁngers
letal preparation (A00). (A–A00) Lateral view of whole embryo. (B–B00)
ibs and sternums.
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were found in the expected Mendelian ratio. The Ripply2/
mice at E18 had shortened tails and body axes (compare
Fig. 2A with C, arrow and line), suggesting skeletal malfor-
mation. However, no limb or head abnormalities were appar-
ent.
3.4. Skeletal defects in Ripply2/ mice
We further analyzed the skeletal morphology of the mutant
mice (E18) by staining their skeletons with alcian blue and aliz-
arin red (Fig. 3). No skeletal abnormalities were observed in
the Ripply2+/ mice (Fig. 3A 0–C 0). In contrast, considerable
truncation of the body axis was observed in Ripply2/ mice,
relative to wild-type and Ripply2+/ mice (Fig. 3A–A00). The
metameric pattern of vertebral bodies, intervertebral discs,
and neural arches was severely disrupted (Fig. 3B–B00). The
ribs were fused and bifurcated, and symmetry about the left-
right axis was lost. The number of rib pairs was reduced to 9
(normally 13), and the thoracic space was severely reduced
(Fig. 3C–C00). The pedicles of neural arches were fused or miss-
ing. Despite these marked defects of the vertebrae and ribs, the
skull and limbs appeared normal (Fig. 3A–A00).
3.5. Eﬀect of Ripply2 depletion on osteogenesis
To investigate whether osteogenesis was also disrupted in
Ripply2/ mice, we analyzed bone formation at E16. Consis-
tent with the ﬁndings in the skeletal preparation, no defects in
osteogenesis were observed in sagittal sections of wild-type and
Ripply2+/ mice (Fig. 4A–F). In Ripply2/ mice, both hyper-Fig. 4. Abnormal segmentation in Ripply2/ mice. Hematoxylin and eosin
Ripply2/ (G–I) mice at E16. Whole embryos are shown in A, D, and G. The
H), and neural arches (C, F, I). The vertebral columns were fused in Ripplytrophic chondrocyte formation and endochondral ossiﬁcation
of vertebral bodies were observed (Fig. 4G–I). These results
suggested that the skeletal malformations observed in Rip-
ply2/ mice were not caused by abnormal osteogenesis.
3.6. Expression pattern of somitic markers in Ripply2/ mice
The skeletal malformation shown in Fig. 3 resembles the
phenotype observed when somite segmentation is disrupted
[3,13]. To determine whether the abnormality in segmentation
of the axial skeleton in Ripply2/ mice was due to somite mal-
formation (implying that Ripply2 is required for normal somi-
togenesis), we analyzed the somite segmentation phenotype of
mice at E11.5. Distinct segmentation was observed in wild-type
and Ripply2+/ mice, but not in caudal region of Ripply2/
mice (Fig. 5A–C). These results suggested that the skeletal
malformation observed in Ripply2/ mice was caused by
defective somite segmentation.
Notch2 and Uncx4.1 are rostral and caudal marker genes,
respectively, in somites [3,14,15]. To analyze the eﬀect of Rip-
ply2 mutation on rostrocaudal polarity in somites, we investi-
gated the expression of Notch2 and Uncx4.1 at E11.5 by
whole-mount in situ hybridization analysis. The expression
of Notch2 was detected as a diﬀuse band in Ripply2/ em-
bryos, while the expression was detected as previously reported
in the wild-type and Ripply2+/ mice (Fig. 5E–G). In wild-type
and Ripply2+/ mice, Uncx4.1 mRNA localized to the caudal
half of somites at E11.5, as previously reported (Fig. 5H, I).
In contrast, Uncx4.1 expression was not detected in Rip-
ply2/ mice (Fig. 5J). These results indicated that Ripply2 isstaining of sagittal sections of wild-type (A–C), Ripply2+/ (D–F), and
boxes indicate the regions enlarged to show the vertebral bodies (B, E,
2/ mice (G–I).
Fig. 5. Somite formation and the expression of rostral/caudal markers are disrupted in Ripply2/mice. (A–D) Expression pattern ofMesp2 detected
in wild-type (A), Ripply2+/ (B), and Ripply2/ (C and D) embryos. Somite formation was severely defective in the Ripply2/ mouse (C and D).
Although no drastic change in Mesp2 expression was detected (C and D), ectopic expression of Mesp2 (arrowhead) was detected in one Ripply2/
mouse (D). (E–G) Expression pattern of Notch2 in wild-type (E), Ripply2+/ (F), and Ripply2/ (G) embryos. Notch2 expression was detected as a
diﬀuse band in the Ripply2/ embryo (G). (H–J) Expression pattern of Uncx4.1 in wild-type (H), Ripply2+/ (I), and Ripply2/ (J) embryos. No
Uncx4.1 expression was apparent in the Ripply2/ embryo (J).
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somites.
To elucidate the mechanisms of somitic border malforma-
tion and defective rostrocaudal polarity in the somites of Rip-
ply2/ mice, we examined the eﬀect of Ripply2 mutation on
Mesp2 expression. The expression ofMesp2 in Ripply2/ mice
was detected at E11.5 by whole-mount in situ hybridization
analysis. The expression pattern of Mesp2 remained intact in
some of the Ripply2/ embryos (83%, n = 6; Fig. 5C), while
two stripes of Mesp2 expression were detected in other em-
bryos (17%, n = 6; Fig. 5D). Consistent with the lack of skele-
tal malformation, little change of Mesp2 localization was
observed in Ripply2+/ mice (Fig. 5B). These data suggest that
Ripply2 contributes to somite segmentation partly via regula-
tion of Mesp2 expression. While the segmental expression pat-
tern of Mesp2 remained, distinct somites did not form in
Ripply2/ mice. Therefore, we propose the existence of a
Mesp2-independent pathway through which Ripply2 contrib-
utes to somite segmentation. The non-cell autonomous eﬀect
of Ripply2 on the expression of Uncx4.1 suggests that Ripply2
may be involved in regulating the expression of Notch signal-
ing components in the anterior PSM.The expansion ofMesp2 expression in the mouse Ripply2/
embryo was limited to the width of single segment. In contrast,
in ripply1-deﬁcient embryos in zebraﬁsh, the anterior end of
the mesp-b expression region reaches to the axial level where
somites should be formed in normal embryos [6]. The diﬀer-
ence in Mesp2/mesp-b expression in Ripply2/ mice and rip-
ply1-deﬁcient zebraﬁsh may result from the Ripply1 mRNAs
localizing anteriorly to those of Ripply2 in mouse and zebra-
ﬁsh. Ripply1 and Ripply2 might synergistically contribute to
termination of the somite segmentation program via diﬀeren-
tial expression at the anterior PSM and at newly formed som-
ites in mice.
In conclusion, our results indicate thatRipply2 is required for
somite segmentation and establishment of rostrocaudal polar-
ity within somites. Our ﬁndings also suggest the possibility that
Ripply2 is a one of the causal genes of human spondylocostal
disostosis. Spondylocostal disostosis comprises a group of dis-
orders characterized by multiple vertebral segmentation defects
and rib anomalies. The Dll3,Mesp2 and L-fng genes, which are
required for somite segmentation, are causal genes for spondy-
locostal disostosis [16–19]. Therefore, further characterization
of Ripply2 is important from the clinical point of view.
2696 T. Chan et al. / FEBS Letters 581 (2007) 2691–2696Note. While this manuscript was in revision, Morimoto et al.
published a paper describing a Ripply2 knock-out mouse
(Morimoto, M., Sasaki, N., Oginuma, M., Kiso, M., Igarashi,
K., Aizaki, K., Kanno, J. and Saga, Y. (2007) Development
134, 1561–1569). In general, our results are in agreement with
their results.
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